Physical processes that govern the growth kinetics of carbon clusters at high pressure and high temperature are: (a) thermodynamics and structural (~$to-s~~ bonding) changes and (b) cluster diffusion. Our study on item (a) deals with ab initio and semi-empirical quantum mechanical calculations Lo examine effects of cluster size on the relative stability of graphite and diamond clusters and the energy barrier between the two. We have also made molecular dynamics simulations using the Brenner bond order potential. Kesults show that the melting line of diamond based on the Brenner potential is reasonable and that the liquid structure changes from mostly sp bonded carbon chains to mostly &bonding over a relatively narrow density interval. Our study on item (b) uses the time-dependent clustor size distribution function obtained from the relevant Smoluchowski equations. The resulting surface contribution to the Gibbs free energy of carbon clusters was implemented in a thermochemical code. These results show that the behavior of carbon-rich explosives is sensitive to the metastability of graphitic carbon clusters during the diffusion of carbon clustering processes.
A Japanese experiment' has shown that glassy carbon transforms to graphite below 3,OOOK if it is held at 9 GPa for 5 minutes and is quenched subsequently.
Carbon should have been in the diamond phase under this condition.
Obviously, the 5 minute-heating period was not long enough for amorphous carbon to transform to diamond, since the same experiment at higher temperatures produced diamond crystals. Our analyse? of high explosives with high carbon contents also supports the Japanese result. Namely, carbon microclusters in detonation products will occur in the grapbitic phase within the pressure-temperature range where the diamond phase is thermodynamically stable. Both experiments point out that the size of clusters iq important to the stability of the diamond or graphite phase and that the temperature and pressure are two important variables controlling the growth rate of cluster sizes.
The first part of this paper addresses an issue on why carbon atoms prefer to transform to an intermediate (graphite) phase prior to the diamond formation.
Its understanding is crucial to the reliable prediction of high explosives detona tion. Amliif and Liithi3 earlier carried out ab initio quantum mechanical total energy calculations on the phase stability of graphite and diamond clusters.
These calculations are computationally costly. Calculations involving larger carbon clusters, as required in the present case, can be done mcne efficiently by using semiempirical molecular orbital methods.
We have done calculations with semiempirical molecular orbital and the firstprinciples density function theory (DFT) methods for clusters with sp" or sp3 bonding constrained to have the bulk graphite or diamond structure.
The singly occupied surface orbit& were capped with H atoms in order to enforce the bulk C atom hybridization at the surface. The system sizes used range up to C2s6H144 for diamond clusters and C294H42 for graphite clusters. We used the calculated bond energies, van der Weals interactions, and the experimental heats of formation of bulk graphite and diamond to predict that the graphite phase becomes energetically favored over the diamond structure for 15,000 to 100,000 C atoms. But its precise value is sensitive to level of approximations.
Calculations using the PM3 and AM1 parameterizations and the DFT give roughly similar results.
Next, the barrier height as a function of cluster size was determined and compared to previous local density calculations of the activation energy for the bulk graphite to diamond phase transition.
We have carried out DFT, ab initio and semiempirical unrestricted Hartree-Fock calculations of the energy by the linear synchronous transit (LST) approximation which assumes all atoms at intermediate states to move synchronously and linearly along a reaction coordinate from the initial (100% sp2) to the 100% sp3) structure. The structures of the initial and final structures were determined by molecular mechanics optimization. The remaining structures are linear interpolations between these endpoints.
The resulting barrier height is in agreement with the LDA results of bulk activation energies? Considering the differences in the methods being compared, the agreement in the shape and location of the transformation barrier is excellent.
The second part of this paper deals with diffusion kinetics and thermodynamic aspects of carbon clusters.
On the thermodynamic side, we explored the phase diagram of carbon at high temperature and pressure via molecular dynamics using the bond order potential developed by Brenner? This potential allows for realistic breaking and formation of bonds and reproduces correct bond strengths for many bonding possibilities found in hydrocarbon systems, including correct structures for all the common hybridization states (sp, sp2 and sp3) of carbon under ambient condition and allowance for the breaking and formation of covalent bonds. The particular features examined are the diamond melting line and the local structure of the liquid phase.
The resulting melting line agrees remarkably well with experiment near the graphite-diamondliquid triple point. The slope of the melting line is positive, in agreement with high pressure sound speed experiment.
The original Brenner potential represents only the covalent-bonding with a short-range cutoff. We need to include the nonbonded term to simulate sheet-sheet interactions which hold two-dimensional graphite structures together.
This effort is in progress.
Liquid carbon has never been "seen" under a controlled .laboratory environment.
A recent flash-heating experiment by Togay sugests an intriguing possibility ', that the liquid carbon may have two phases separated by a first-order phase change. In light of this we have been exploring the structure of the liquid phase by computer simulations with the Brenner potential.
The local structural change with density appears to occur over a relatively small density interval.
Though it alone is not an evidence for a phase transformation, it is suggestive of one.
In addition to the diamond-graphite transition kinetics, we need to consider the coagulation kinetics of carbon clusters by diffusion. The present model uses Smoluchowski equations to describe a change in concentration CL of k atom clusters with i+j=l; 3
where kij = 4?r(Di + Dj)Rij (DC = diffusion constant of a clusters with i atoms; R;j = collision diameter between clusters of sizes i and j). Using an approximate but reliable solution ck, the timedependent surface energy correction < AE > to the bulk carbon energy can be obtained by averaging AEk = E(k = 00) -E(k) over ck.
We have implemented < AE > in a multiphase multi-component chemical equilibrium code to account for the surface correction to the Gibbs free energy of diamond and graphite clusters at a given time. An application of the code has shown that a difference between theory and experiment in the detonation velocity of TNT at some initial density is attributable to met&able processes involving nanometer size clusters of carbon formed during detonation.
